ABSTRACT Determining the origins of invasive species has important management implications when introduced species become pests, especially when candidate biocontrol agents are specialized on host biotypes. The cabbage seedpod weevil, Ceutorhynchus obstrictus (Marsham), is a European native that was Þrst discovered in North America in British Columbia in 1931. It has since become a major economic pest of brassicaceous oilseed crops. To assess population structure and determine points of origin for North American introductions, we sequenced a 475-bp fragment of the mitochondrial DNA COI gene in 176 individuals from 16 localities from North America and Europe. Eleven haplotypes were found, with one haplotype present in every locality and represented by 71% of all individuals. Nested clade analysis indicated fragmentation, range expansion,
THE CABBAGE SEEDPOD WEEVIL, Ceutorhynchus obstrictus (Marsham), also known by the junior synonym Ceutorhynchus assimilis (Paykull) (Colonnelli 1990 (Colonnelli , 1993 , is native to Europe, where it is a widespread, serious pest of canola or oilseed rape (Brassica napus L.). The species is oligophagous on Brassicaceae, with hosts that also include cole crops, mustards, and weeds .
Adults of C. obstrictus overwinter beneath leaf litter, often in shelterbelts, and emerge in the spring to feed on early-ßowering hosts (Dmoch 1965, Dosdall and Moisey 2004) . In western Canada, adults migrate to canola when buds develop, and their feeding reduces ßower and pod production (Dosdall and Moisey 2004) . Eggs are deposited into immature pods, and most economic damage is caused by larvae consuming seeds within the siliques. Damage can be exacerbated by premature pod shattering, which occurs more frequently in infested than noninfested pods . Mature larvae bore out of the pods and drop to the ground, where they burrow down and pupate. New generation adults emerge in late summer and feed on maturing pods, causing further loss of yield and crop quality .
In North America, C. obstrictus were Þrst discovered near Vancouver in British Columbia in 1931 . They are now widespread in interior British Columbia and the PaciÞc Northwest and are believed to have dispersed throughout most of the United States (McCaffrey 1992) . C. obstrictus were Þrst found in southern Alberta in 1995 and have since spread to central Alberta and western Saskatchewan (Dosdall et al. 2002) . In eastern Canada, C. obstrictus was found in Quebec in 2000 (Brodeur et al. 2001 ) and in Ontario in 2001 (Mason et al. 2004) .
C. obstrictus are found throughout eastern and western Europe in regions producing oilseed crops and have been known there since the early 1800s (Scarisbrick and Daniels 1986) . The European source areas for the North American populations of C. obstrictus are unknown.
All North American populations originated either from independent introductions from Europe or by spreading from neighboring areas in North America previously colonized by the weevil. Unless new introductions occurred, the Alberta population could have originated from migrants from either British Columbia or Montana, and populations in Quebec and Ontario may have originated from the eastern United States. Identifying the origins of North American populations has important management implications, because control strategies derived from the same source areas may be more effective than those which were not, particularly for the introduction of biological control agents (Mackauer et al. 1990) .
Mitochondrial DNA (mtDNA) sequencing has been used to elucidate taxonomy, population structure, and phylogenetic relationships of other weevil species (Normark 1996 , Langor and Sperling 1997 , LafÞn et al. 2004 . One major advantage of using mtDNA is its relatively rapid evolutionary rate (Brown et al. 1979 , Simon et al. 1994 , which allows genetic differences to be detected between populations that diverged relatively recently. This is especially important for introduced species where variation in new areas might be low and differences have not had time to accumulate (DeSalle et al. 1987) . There is also little within-individual variation in protein coding regions of mtDNA of one other weevil where this has been examined (Boyce et al. 1994) , and individuals may be considered haploid because the marker is inherited maternally.
Generally, species with broad geographic ranges have substantial genetic variation (Avise 1994) . However, for invading or introduced species, low variation might be expected because of founder effects and genetic bottlenecks (Nei et al. 1975 , Hufbauer et al. 2004 , because colonizing populations are often made up of only a few individuals that do not represent the range of genetic variability of source populations. In other curculionid species, mtDNA has been shown to be highly variable (Normark 1996 , Langor and Sperling 1997 , LafÞn et al. 2004 , so variation should be detectable in the native range of C. obstrictus. This variation should allow us to identify areas in Europe where the North American populations originated and to estimate the origins of the populations in Alberta, Quebec, and Ontario through comparison of sequence variation between populations in Europe and North America.
In this study, we estimated levels of maternal gene ßow and examined population structure across the range of C. obstrictus. We sequenced a 475-bp fragment of mtDNA from the cytochrome oxidase I gene, corresponding to part of a region previously examined in another curculionid (Langor and Sperling 1997) that showed high within-species sequence divergence. Sequences provided information that was used to identify areas with genetically distinct populations, as well as to uncover historical processes that were potentially responsible for current population structure. Using both analysis of molecular variance (AMOVA) (ExcofÞer et al. 1992 ) and nested clade analysis (Templeton et al. 1995 , Templeton 1998 , 2004 in tandem, we were better able to understand current and historical processes responsible for population structure than if either test was used alone (Althoff and Pellmyr 2002) .
Materials and Methods
Collections of C. obstrictus were made from 16 localities across North America and Europe ( Fig. 1 (Simon et al. 1994) and C1-N-2659c (5Ј-ACTAATCCTGTGAATAAAGG) (modiÞed from Simon et al. 1994) , and 1 l of extracted DNA. In cases where initial ampliÞcation failed, the PCR reaction solution was altered by increasing the amount of extracted DNA by 2Ð5 l and decreasing the amount of double distilled water by a corresponding amount. DNA Taq polymerase was added as a Þnal step before samples were placed into a Biometra T-Gradient PCR Thermal Cycler (Gottingen, Germany). The PCR thermal cycling program was as follows: an initial denaturation for 2 min at 94ЊC, followed by 34 cycles of denaturation for 30 s at 94ЊC, annealing for 30 s at 45ЊC, and extension for 2 min at 72ЊC, and then a Þnal extension at 72ЊC for 5 min. Products obtained from PCR ampliÞcation were visualized on agarose gels to verify fragment sizes and assess quality and cleaned using the QIAquik PCR puriÞcation kit (Qiagen). Both forward and reverse strands were sequenced using the same primers as for initial PCR ampliÞcation. In a few cases, where sequencing reactions did not produce clean sequences, a larger PCR fragment was produced, with the 475-bp fragment nested within, using the heterologous primers C1-J-2183 and TL2-N-3014 (5ЈTCCAATGCACTAATCTGCCATATTA) (Simon et al. 1994) . Sequencing reaction solutions consisted of 3.5 l of double distilled water (Millipore), 1 l of BigDye terminator cycle sequencing mix, 3 l of 2.5ϫ sequencing buffer (PE Applied Biosystems), 0.5 l of one of the three previously listed primers, and 1 l of puriÞed PCR product. The reaction program consisted of an initial step at 96ЊC for 1 min, followed by 29 cycles of 96ЊC for 10 s, 50ЊC for 5 s, and 60ЊC for 4 min. Sequencing products were cleaned using Sephadex G-50 Þne packed columns (Amersham Biosciences) and visualized on an ABI 377 automated DNA sequencer (PE Applied Biosystems, Streetsville, ON).
Contiguous sequences were constructed using Sequencher 4.1 (Gene Codes Corp. 2001) . No insertions or deletions were seen, so sequences could be aligned manually using Sequencher 4.1.
Nested clade analysis was conducted for only European samples and again for all samples. Nested clade analysis was completed using two programs: TCS 1.18 (Clement et al. 2004 ) and GeoDis 2.2 (Posada and Templeton 2004) . TCS 1.18 was used to construct a network of haplotypes with 95% conÞdence limit for parsimony (Templeton et al. 1995 ) and a cladograph showing nesting structure of the haplotypes. GeoDis 2.2 was used to calculate distances between populations where haplotypes or clades were found, based on the cladograph generated by TCS 1.18 and coordinates of sampling localities (Table 1) .
AMOVA and F ST values were also calculated for the dataset using Arlequin 2.0 (Schneider et al. 2000) to estimate genetic variation between populations and groups of populations. To generate optimal groupings, SAMOVA 1.0 (Dupanloup et al. 2002) was used. Four different groups were identiÞed: one made up of only the German samples, the second was comprised of the Quebec population, the third of the Swedish and Russian samples, and the fourth was comprised of the remainder of the North American samples in addition to England and Finland.
Results
Eleven haplotypes were found in the 176 individuals sequenced (Genbank accession #AY692327-AY692337). Eight of the haplotypes occurred at single localities, leaving three haplotypes shared at more than one locality (Table 2) . Most commonly, population samples were comprised of a single haplotype, as was the case in seven localities. All but one of these seven localities was North American, with the exception being the Lapinjarvi, Finland, population. Three samples contained two haplotypes, Þve samples had three haplotypes, and one was comprised of four haplotypes. Three North American populations had more than one haplotype: Kelowna, British Columbia (two (Fig. 2) . The network had three clades: 1Ð1, 1Ð2, and 1Ð3. Clade 1Ð1 contains haplotype 1, which is found in all populations, clade 1Ð2 consists of haplotypes found only in Swedish and Russian populations, and clade 1Ð3 contains haplotypes found only in Germany.
Nested contingency analysis from GeoDis 2.2 (Posada and Templeton 2004) showed signiÞcant associations between clades and sampling locations only when testing all the samples (Table 3) . However, only clade 1Ð1 and the whole network showed this significant relationship between geography and clades.
Using the clade distances generated by GeoDis 2.2 (Posada and Templeton 2004 ) and the GeoDis 2.2 inference key (Templeton et al. 1995 , Templeton 2004 , nested clade distance analysis of just the European samples gave three patterns from three clades ( Table 4 ). The three patterns detected were restricted gene ßow, contiguous range expansion, and long distance colonization and/or past fragmentation. When considering all samples, three patterns were also detected (Table 5 ). These patterns were allopatric fragmentation, past fragmentation, and restricted gene ßow with some long-range dispersal.
AMOVA detected signiÞcant structuring between the different populations (Table 6 ). Variation between populations within groups was lower than variation between groups, suggesting restricted gene ßow among populations. Almost 72% of the variation detected was between the different groups of populations, and only 0.02% of the variation was between populations within the different groups. A signiÞcant F ST value also supports the structuring of populations of C. obstrictus.
Discussion
Of the 11 haplotypes found in this study, only haplotype 1 occurred at all localities sampled. However, parsimony analysis suggests that it is not representative of the ancestral lineage, although the phylogenetic reconstruction was too poorly resolved to be conclusive (data not shown). In Europe, populations included individuals of haplotype 1 but were also made up to a large extent of individuals of other haplotypes. Unlike North America, only two of the European localities were predominantly haplotype 1: Rothamsted, England, and Lapinjarvi, Finland. Of the other European localities all except the Gottingen, Germany, locality had similar haplotype frequencies. The German locality had two haplotypes that were not found elsewhere, and these made up the majority of those samples. Our samples were collected primarily Nested clade analysis of the European samples and of all samples inferred three different processes responsible for the current genetic structure of C. obstrictus populations. At the one-step clade level, past fragmentation and allopatric fragmentation was inferred, although when looking at the other one-step clade level, contiguous range expansion and past fragmentation were inferred (Tables 4 and 5 ). These inferences are not contradictory; instead they reinforce one another. Fragmentation of source populations would be inferred for the lower level clades because, historically, before rapeseed crops were widespread, C. obstrictus would probably have occurred on randomly dispersed, temporary stands of brassicaceous weeds and mustards. Past gene ßow among populations is expected, making genetic structure unstable because small populations existing in a weed stand would need to disperse whenever that stand disappeared, leading to gene ßow among multiple smaller populations. This would account for the contiguous range expansion seen in the nested clade analysis of European samples. C. obstrictus can disperse long distances (Ankersmit 1956 , Kjaer-Pedersen 1992 , so gene ßow is expected between neighboring populations even if separated. Once production of rapeseed began on a broad geographical scale in the 17th century (Scarisbrick and Daniels 1986) , C. obstrictus no longer had as great a need to disperse, and genetic structure of smaller populations might have stabilized as part of a larger population centered in areas of rapeseed production. This may have led to lower gene ßow between populations.
Restricted gene ßow was detected by nested clade analysis, potentially because of the lack of need for dispersal in agricultural areas or to geographic barriers separating many of the populations. For populations in Europe, some populations are separated by water, mountain ranges, or geographic expanses where suitable host plants may not occur. For example, populations in Scandinavia probably mix with populations in the rest of Europe, excluding human-assisted transport, only by crossing the Baltic Sea at a narrow point between Denmark and Sweden or moving through northern Europe and heading southward over several generations. It seems less likely that individuals frequently cross large bodies of water, which probably serve as barriers restricting gene ßow between populations. Passive dispersal using wind currents in Europe has been shown in other insect species such as the diamondback moth (Plutella xylostella L. Lepidoptera: Plutellidae) (French and White 1960) , but it is unlikely that C. obstrictus disperses in the same way. Unlike P. xylostella, C. obstrictus adults crawl down within the crop canopy when winds are strong (Ankersmit 1956 ). Long-range dispersal is indicated primarily because of the human-assisted introduction of C. obstrictus to North America, but this inference would also explain why the population in Finland is so dissimilar to the populations geographically nearest to it, especially considering the long periods of time required for such an amount of genetic difference to build up (DeSalle et al. 1987) . The Þxed haplotype in Finland is most likely caused by a founder effect from a relatively recent introduction.
AMOVA and nested contingency analysis also showed signiÞcant associations between haplotypes or clades and speciÞc populations and detected low levels of gene ßow among different groups of populations. In our AMOVA analysis, only 0.02% of total variation was between populations within the same genetically distinct group. Variation between different groups was much higher and accounted for Ϸ72% of total variation. This, along with a signiÞcant overall F ST value, suggests that there are three genetically differentiated populations with reduced levels of gene ßow between them. As previously stated, geographic barriers could at least partially explain restricted gene ßow, but this could also be because of selection for short rather than long distance dispersal behavior when rapeseed production greatly increased and became concentrated in certain areas.
The differences between populations in Europe also allow us to make statements about population structure in North America. For all localities except Quebec, populations were almost completely homogeneous and consisted of the same haplotype. The different genetic composition of the Quebec population suggests that there have been two separate introductions of C. obstrictus to North America. The oldest introduction, Þrst reported in British Columbia in the 1930s , most likely originated from a population genetically similar to those from Rothamsted, England, or Lapinjarvi, Finland, because they are the only two European populations Fig. 2 . A, allopatric fragmentation; B, past fragmentation; C, restricted gene ßow with some long-range dispersal. The Quebec population represents a second introduction to North America and is most similar to the population from Kolbeck, Sweden. Kolbeck is the only other sample to share all three of QuebecÕs haplotypes. The difference in haplotype ratio between the two localities may simply be caused by sampling effects, whether founder events or the limited sample that was assayed. The other Swedish locality or the two Russian localities indicate that this second introduction could have originated anywhere within a broad region, because our samples from these localities lack only one haplotype that may be present there but was not recovered in this study. We do not have information to say precisely where in North America this population was Þrst introduced. The introduction to Quebec could have originated directly from a European population or from a neighboring area with subsequent dispersal to Quebec. It does seem that the Quebec and Ontario populations came from different source populations.
This study could only determine that the Alberta or Ontario populations originated in any of a broad range of areas of Europe because of the low amount of variation in these populations as well as surrounding populations. More precise identiÞcation of European source areas would require further study using molecular techniques able to detect Þner amounts of variation, such as ampliÞed fragment length polymorphism (AFLP) or microsatellite analysis.
Finding likely sources for the North American populations has important implications for developing integrated management practices for C. obstrictus in North America. First, because there have been multiple introductions, different regions of North America may need to implement different management practices if the genetic differences detected are representative of differences in phenology or susceptibility to parasitoids. If differences in phenology exist, researchers should look to the source populations for better management strategies for weevils in their areas, e.g., variability in host plant resistance in different plant lines has been shown for other weevil species (Tomlin et al. 1997) . This means that, for Alberta or Ontario, management practices that more closely follow those of England or regions with genetically similar weevils such as Finland might be more effective, whereas Quebec growers might beneÞt by more closely following those of Sweden or parts of Russia. It may also focus the search for biocontrol agents for possible release into North America. For example, the pteromalid Trichomalus perfectus (Walker) is a promising biocontrol agent of C. obstrictus that is currently under evaluation for potential release in Canada (Kuhlmann et al. 2002) . It is widespread in its range throughout Europe (Laborius 1972 , Szczepanski 1972 , Murchie 1996 , and our study shows that, if approved for release, the best match of biotypes would be different for Quebec than other regions of the country.
